Abstract.-Several well-documented evolutionary processes are known to cause conflict between species-level phylogenies and gene-level phylogenies. Three of the most challenging processes for species tree inference are incomplete lineage sorting, hybridization and gene duplication, which may result in unwarranted comparisons of paralogous genes. Several existing methods have dealt with these processes but none has yet been able to untangle all three at once. Here, we propose a stepwise method by which these processes can be discerned using information on genomic location coupled with coalescent simulations. In the first step, highly discordant genes within genomic blocks (putative paralogs) are identified and excluded from the data set and, in the second step, blocks of linked genes are grouped according to their hybrid history. Existing multispecies coalescent software can then be applied to recover the principal tree(s) that make up the species tree/network without violating the underlying model. The potential of the approach is evaluated on simulated data derived from a species network composed of nine species, of which one is of hybrid origin, and displaying a single-gene duplication that leads to paralogous comparisons. We apply our method to an empirical set of 12 genes from 7 species sampled in the plant genus Medicago that display phylogenetic discordance. We identify the causes of the discordance and demonstrate that the Medicago orbicularis lineage experienced an episode of ancient hybridization. Our results show promise as a new way to explore phylogenetic sequence data that can significantly improve species tree inference in presence of hybridization and undetected paralogy or other causes leading to extremely discordant
Species tree inference from molecular data has, in recent years, substantially shifted away from the concatenation of sequences from several genes to approaches based on the multispecies coalescent (Rannala and Yang 2003; Degnan and Rosenberg 2009 ). The multispecies coalescent assumes that each gene has its own phylogenetic history (Kingman 1982) conditioned on the common underlying species phylogeny. However, several evolutionary processes may induce significant differences in phylogenies from unlinked genes, of which three of the best understood are: incomplete lineage sorting (ILS), homoploid hybridization, and paralogy (Maddison 1997) .
ILS occurs when alleles coalesce more deeply than species divergence, as a consequence of stochastic differential assortment of ancestral polymorphism (e.g., Takahata and Nei 1985; Pamilo and Nei 1988; Maddison 1997) . Although the effect of ILS on phylogenies can be profound (Degnan and Salter 2005) , especially in sexually reproducing organisms with large populations and when the time between speciation events is short (Pamilo and Nei 1988; Nei and Kumar 2000) , ILS itself is assumed to be ubiquitous, as an unavoidable consequence of neutral population processes. Gene tree incongruence has been explained by ILS in several studies that have applied coalescent-based methodologies (Pollard et al. 2006; Carstens and Knowles 2007; Syring et al. 2007; Blanco-Pastor et al. 2012 ).
Homoploid hybridization, the formation of hybrids between different species at the same ploidy level, can result in the introgression of alleles from one species into another, or even in the formation of new species that contain alleles from both parents (e.g., Buerkle and Rieseberg 2008; Hermansen et al. 2011; Bosse et al. 2014) . Hybridization has been widely documented in animals and plants (Rieseberg 1997; Mallet 2007) , with several studies demonstrating introgression of alleles or single-nucleotide polymorphisms (SNPs) while taking into account ILS (Buckley et al. 2006; Peters et al. 2007; Blanco-Pastor et al. 2012; Phillips et al. 2013; Ramadugu et al. 2013; Good et al. 2015) .
Genes are frequently subjected to duplication (the formation of paralogs) and loss. When paralogs from different species are mistaken for orthologs, their comparison may result in invalid inferences regarding species relationships (e.g., Doyle 1992; Oxelman et al. 2004 ). Genealogical discordance due to paralogy can be further complicated by concerted evolution (Sanderson and Doyle 1992; Nei and Rooney 2005) . Many examples drawn from eukaryotic species show that both tandem and whole genome duplications (WGDs) are very common (e.g., Lynch and Connery 2000; Cui et al. 2006; Chen et al. 2013; Van Zee et al. 2016 ) and can be followed by rapid gene loss (Blanc and Wolfe 2004) . Tandem duplications can be extensive in some diploid organisms, even ones with relatively small genomes, such as Arabidopsis thaliana (Blanc and Wolfe 2004) . The 2017 SOUSA ET AL.-PRINCIPAL TREE INFERENCE FROM GENOMIC BLOCKS 935 frequent absence of a full set of duplicated genes, either due to gene loss or sampling bias, fosters unintentional paralogous comparisons. We denote unrecognized instances of paralogy as "paralogy-affected" genes throughout the article.
The phylogenetic effect of each of these three confounding processes has been widely studied (e.g., Maddison and Knowles 2006; Edwards et al. 2007; Holland et al. 2008; Maureira-Butler et al. 2008; Joly et al. 2009; Meng and Kubatko 2009; Joly et al. 2010; Heled and Drummond 2010; Jones et al. 2013; Yu et al. 2013) . Several methods implement species tree inference that accommodates ILS, by using the multispecies coalescent (e.g., BEST, Liu and Pearl 2007; STEM, Kubatko et al. 2009 ; *BEAST, Heled and Drummond 2010; MP-EST, Liu et al. 2010; PhyloNet, Liu et al. 2014; ASTRAL, Mirarab et al. 2014) , with two of these incorporating hybridization in species tree inference (STEM-hy, Kubatko 2009, and PhyloNet) . Another approach that infers species trees despite incongruence, but without modeling any specific causal process, is BUCKy (Ané et al. 2007 ). Other approaches determine whether ILS alone can explain the observed gene tree incongruence, and thus infer hybridization on a case-by-case basis rather than by coestimation (Buckley et al. 2006; Maureira-Butler et al. 2008 ; the JML method, Joly et al. 2009 ; the ABBA-BABA test, Green et al. 2010; Bertrand et al. 2015) .
Models that accommodate gene duplications in a coalescent framework have been proposed (Rasmussen and Kellis 2012) , but only for cases involving the presence of both duplicates at least in some gene trees. However, no method, stepwise or simultaneous, has yet accommodated all three sources of gene tree incongruence (ILS, hybridization, and paralogy). Instead, each method handles only one or at most two of these sources of incongruence, and requires the assumption that the other(s) are not operating (or do not affect the outcome). Given that each of these sources of incongruence, when not handled appropriately, can mislead species tree inference (e.g., Oxelman et al. 2004; Kubatko and Degnan 2007; Reid et al. 2012) , it is critical that all three can be diagnosed when acting in concert.
The legume genus Medicago L. (Fabaceae) exhibits severe phylogenetic incongruence among nuclear and chloroplast markers (Bena 2001; Steele and Wojciechowski 2003; Maureira-Butler et al. 2008; Steele et al. 2010; Yoder et al. 2013; Sousa et al. 2014; Sousa et al. 2016 ) that has been attributed, at least partially, to hybridization (Maureira-Butler et al. 2008; Yoder et al. 2013; Sousa et al. 2016) , although paralogy has not been formally excluded. A survey of published Medicago phylogenies indicated that M. orbicularis is one of the taxa putatively involved in ancient hybridization, possibly involving the lineages that include M. truncatula, M. ciliaris, and M. arabica (Sousa et al. 2016 ). The present study investigates gene tree incongruence involving the phylogenetic position of M. orbicularis using a method that untangles topological variation caused by ILS, paralogy, and hybridization. We explore the hypothesis that genomic location can be used to identify possible cases of paralogy by comparing groups of genes that are physically associated (tightly linked), and to recognize hybridization by comparing groups of genes that are physically distant (unlinked). We use target-enrichment methods (Guschanski et al. 2013; Stull et al. 2013; Smith et al. 2014; Sousa et al. 2014 ) to obtain sequences of multiple loci from each sampled specimen.
To evaluate the performance of our method, we simulate data under a species network in the presence of paralogy, hybridization, and ILS. We then (i) identify genes likely to be paralogy-affected and remove them from further analyses, (ii) group genes with a shared parental origin (due to hybrid parentage), and (iii) reconstruct species phylogenies, while accounting for ILS, and confirm the different parental origins of taxa with hybrid histories through multispecies coalescent inference. Both the paralogy detection and hybridization detection steps are based on the test developed by B.E.P. and described in Maureira-Butler et al. (2008) that assumes a null hypothesis of ILS and derives null distributions based on gene trees used as surrogates for the unknown species tree. We show that likely cases of paralogy in Medicago that could mislead species tree inference are successfully detected. We confirm that a hybridization signal can be discerned in Medicago orbicularis only if genomic location is taken into account. Table  1 ; Supplementary Files available on Dryad at http://dx.doi.org/10.5061/dryad.85c0s), of 2-3 kb in length, located in four unlinked blocks of three genes (hereafter referred to as blocks A, B, C, and D), with <30 kb span between genes inside a block and each block located on a different chromosome, based on the M. truncatula genome (Young et al. 2011 ) and previously tested for phylogenetic utility (Sousa et al. 2014) . We considered that four blocks of three genes each was an adequate data set to explore the use of genomic location for the identification of reticulation using our newly proposed method. The 12 selected genes showed, in a preliminary gene tree analysis, evidence for alternative positions of M. orbicularis. DNA extraction, target enrichment, and Illumina sequencing were performed as reported previously (Sousa et al. 2014 CLC Assembly Cell v.4.0.13 software (CLC Bio, Aarhus, Denmark) was used to remove adapter sequences and filter reads for quality, with a Phredscore threshold of 20. CLC mapper was employed to map reads from individual samples to the genomic reference sequence for each gene. Alleles were phased using the program Samtools phase (Li et al. 2009 ) and phased reads were reassembled into contigs using CLC assembler. Sequences were aligned in Geneious Pro (v.5.3.6), using the Geneious alignment tool with default parameters and five iterations. Alignments were tested for recombination with RDP4 (Martin et al. 2010 ). Recombination events were accepted when detected by at least two methods at P < 0.01 (with Bonferroni correction) in presence of topological conflict; the corresponding recombinant fragments were removed.
METHODS

Sampling
To estimate appropriate substitution models, we analyzed the alignments, previously filtered for recombination, in MrBayes v.3.1.2 (Huelsenbeck and Ronquist 2005) using model averaging over the GTR model family (Huelsenbeck et al. 2004 ) and gamma rate variation. Each analysis was run for 3M generations, mixing and ESS values were controlled in Tracer v1.6.0 . A run was deemed successful if examination of the parameter files in Tracer showed no indications of a lack of convergence and displayed high ESS values (above 100) for all parameters of interest. The "sump" function in MrBayes was then used on each run, with a specified burn-in (specific to each gene based on the Tracer results, not reported here), to verify which substitution model had the highest posterior probability (PP). Ultrametric gene trees were then obtained in BEAST v. 1.8.0 using the inferred substitution model and gamma rate variation, an uncorrelated lognormal relaxed clock with a ucld.mean rate normal prior with mean = 3.6×10 −9 (Sousa et al. 2014 ) and a normal root age prior with mean = 15.9×10 6 (Lavin et al. 2005; Maureira-Butler et al. 2008) .
Underlying Assumptions for Detecting ILS, Hybridization,
and Paralogy Chromosomal blocks become fixed in a hybrid genome.-We assume that lineages that have undergone hybridization eventually fix large chromosomal blocks (= genomic blocks) derived from each parental lineage. Once blocks are fixed, that is, become homozygous, recombination acts only on segments with the same parental origin. Coupled with the emergence of new mutations, this causes alleles at each locus within fixed blocks to accumulate differences and potentially undergo independent ILS with with respect to speciation events following hybridization. Despite the effect of ILS, for each gene tree within a block, the alleles will still display a closer relationship to the parental lineage of the block, rather than to the other parental lineage (i.e., of other genomic blocks). Each alternative parental relationship is henceforth referred to as a principal tree (PT) (Holland et al. 2008) . The result of a single hybridization episode and subsequent fixation of genomic blocks is a genome that is a mosaic of blocks, and within a block all the genes are evolving according to one of two PTs (PT1 or PT2).
Fixed genomic blocks are typically large.-The two main mechanisms that produce mosaic genomes [homoploid hybrid speciation (HHS) and introgression] are expected to promote the rapid fixation of some genomic blocks: by population bottlenecking and drift (e.g., Buerkle and Rieseberg 2008) for HHS, and by selection in the case of introgression, where the majority of introgressed regions are lost due to drift, but a few that carry adaptive mutations may be rapidly fixed by selection (e.g., Liu et al. 2015) . Genomes containing large hybrid blocks have been observed in cases of introgression as well as HHS. The introgression of anticoagulantresistance alleles into some house mouse populations from the Algerian mouse have resulted in a few large introgressed blocks (some >10 Mb) (Song et al. 2011; Liu et al. 2015) . The average genomic block size of recently introgressed (c. 200 years ago) Asian-descendant alleles following hybridization of Asian domestic pig into a background of European breeds is over 100,000 bp (Bosse et al. 2014) , although fixation has not occurred at every locus. Another case where the results of introgression have not completely stabilized is that of Neanderthal alleles into modern humans, as blocks with a median of 129,000 bp have been inferred to occur (Sankararaman et al. 2014) . Three homoploid hybrid North American sunflower species display large blocks (Ungerer et al. 1998; Rieseberg et al. 2003) , and the homoploid hybrid Italian sparrow has inherited most of its Z chromosome from the house sparrow (Trier et al. 2014) .
Genomic rearrangements do not disrupt small genomic blocks.-Gene synteny within small genomic blocks in unlikely to be disrupted by genomic rearrangements, which are relatively rare. Large, chromosome-scale translocations or inversions will carry entire genomic blocks intact, and so can also be ignored for our purposes.
Paralog retention outlasts polymorphism retention.-Duplicated gene copies can arise within genomic blocks, for example, by tandem duplication (e.g., Innes et al. 2008) . We expect that when paralogs are maintained for long periods, and loss is random in different lineages, the corresponding gene topologies will be more discordant than expected by ILS alone (e.g., see Supplementary Fig. 1 available on Dryad). Indeed, paralogous gene copies can persist for much longer than selectively neutral allelic polymorphisms. For example, many duplicated genes (20-50% of total gene content) originating by WGD can be preserved Unlinked blocks >> 1 Mb apart FIGURE 1. Cartoon illustration of the overall test scheme. Top: the physical position of genes within genomic blocks and between genomic blocks is indicated on a chromosome. Middle: individual ultrametric gene trees (with sequences from species A-D at the gene tree tips) are inferred (step 1) and compared within blocks (step 2). Significant differences among them are explained by gene duplication (black rectangle in gene tree 1 on left) and losses (data not shown). Paralogy-affected gene trees (dashed box on left around gene tree 1) are discarded. Bottom: compatible genes are grouped by a common origin from their parental source (if hybridization has occurred) (step 3), both within blocks (shown) and among blocks (data not shown). Incompatible blocks of genes (left-hand pair vs. right-hand group of three genes in this example) are kept separate for PT estimation using the multispecies coalescent model (step 4).
for hundreds of millions of years (Lynch and Force 2000; Maere et al. 2005 ). In the legume Glycine, 77% of low-copy genes in a 1 Mb duplicated region have been retained for at least 5 myr and maybe as long as 10 myr (Innes et al. 2008) . In contrast, the typical duration for ancestral polymorphism retention (< 5×N e generations, Rosenberg 2003) is much less than 5 myr under typical plant generation times and effective population sizes (N e ×generation time is usually < 1 million: MaureiraButler et al. 2008; Strasburg and Rieseberg 2008; Foxe et al. 2009; Lundemo et al. 2009; Gossmann et al. 2010; Blanco-Pastor et al. 2012; Ramadugu et al. 2013; Pérez-Collazos et al. 2015) . However, discordance caused by paralogy can also be minimal and approach the level of incongruence obtained through ILS. Such cases of paralogy are difficult to detect but are also unlikely to create problematic violations of the multispecies coalescent model (see "Results" section). Thus, paralogy identification is most important when phylogenetic discordance is higher than that expected due to ILS, but is also most easily uncovered under these conditions.
It should be noted that any other cause of very discordant gene trees that operates on a single gene at a time (and not on entire blocks), whether biological (e.g., recombination, base composition bias) or methodological (e.g., model misspecification, alignment errors) could be mistaken for paralogy by our method. Therefore, an inference of a "paralogy-affected" gene should be treated with caution. However, the use of long informative alignments, recombination testing, quality control in laboratory procedures, dense taxon sampling, among other things, will reduce the chance that other causes will produce extremely discordant gene trees, leaving gene duplication and loss dynamics as (arguably) the most likely contender. For the purposes of describing our method, we assume that best practice procedures have been followed at every stage of analysis, and thus use the inference of "paralogy-affected" genes as a shorthand to indicate that this is the most likely cause. However, we acknowledge that other causes cannot be ruled out given our methodology.
Outline of the Method to detect ILS, Hybridization, and
Paralogy The proposed method consists of four main steps: (i) gene tree inference; (ii) paralogy test-identification and exclusion of highly discordant trees within genomic blocks; (iii) hybridization test-identification of hybridization between genomic blocks and grouping of blocks sharing the same parental history; and (iv) inference of PTs. Steps 1 and 4 rely on established methods for tree inference. Steps 2 (paralogy test) and 3 (hybridization test), as well as the coalescent simulations tests used for pairwise gene comparisons, are explained below.
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Paralogy test.-We considered a sampling scheme where each genomic block has three genes (triplet) (Fig. 1 ). Pairwise comparisons (Supplementary Fig. 1 available on Dryad) were performed between the observed gene trees within each genomic block, using the coalescent simulation test (see below), for a total of three comparisons ( Supplementary Fig. 2 available on Dryad). A gene tree was inferred as likely to be affected by paralogy if ILS was rejected in both pairwise comparisons with the other two gene trees of the triplet (Fig. 1 , also Supplementary Fig. 2 available on Dryad). All genes identified as paralogy-affected were removed from further analysis. When ILS was rejected in all three pairwise comparisons, the whole block was excluded, because this case does not allow the identification of the paralogy-affected gene nor does it produce any remaining compatible pairs of genes. In contrast, if the block was not excluded, genes that differ by ILS alone were further subjected to the hybridization test.
Coalescent simulation tests.-All pairwise comparisons used in our method are based on a parametric bootstrapping procedure that compares the topological distance between two observed gene trees with the topological distances expected, under a coalescent process, between the simulated gene trees from two modeled species trees (Maureira-Butler et al. 2008; Blanco-Pastor et al. 2012; Ramadugu et al. 2013 ). In the original implementation (Maureira-Butler et al. 2008) , the observed distance was calculated directly from a point estimate of each gene tree, and thus did not account for tree inference uncertainty. To take this source of uncertainty into consideration, we instead derived a distribution of distances from a posterior distribution of trees. All tree distances in this test are calculated using the unweighed Robinson-Foulds (RF) metric (Robinson and Foulds 1981) , a.k.a. symmetric distance.
The test can be summarized as follows: let G 1 and G 2 be two observed gene trees, and let D 1 and D 2 be the respective post-burn-in gene tree posterior distributions. The topological distance between G 1 and G 2 (observed gene tree distances: Supplementary Fig 2 The effect of population sizes in simulations for a similar coalescent-based test was assessed in Bertrand et al. (2015) , where it was found that the performance of the test improved when the population sizes used for simulating the gene trees were significantly smaller than the real population size. One explanation that can account for this observation is that gene lineages have coalescent times extending farther back than species lineages (Maddison and Knowles 2006) . Consequently, using a gene tree as a surrogate species tree for gene tree simulation will tend to further push back in time the divergence ages on the simulated trees. It ensues that the use of a surrogate tree introduces more sequence variation in the simulations than what would be obtained in an actual species tree. Instead of evaluating the population size needed for satisfactory ILS acceptance/rejection rates in our coalescent simulation test, we opted for changing the critical value of the one-tailed test, and thus performed it with p% critical values of 65%, 75%, 85%, and 95%.
Hybridization test.-After the exclusion of putative paralogy-affected genes, we tested for gene tree discordance between genomic blocks (Fig. 1) . The coalescent simulation test was used for pairwise comparisons between genes from different blocks (maximum of 3×3 gene comparisons). We accept hybridization as the source of the observed discordance only when ILS was rejected in at least two pairwise comparisons between genes from different blocks. Other decision rules were tested (accepting hybridization if ILS was rejected in at least one pairwise comparison, or only if all pairwise comparisons rejected ILS) but these proved to have worse rates of types I or II error (data not shown). Genes from genomic blocks that share the same PT were pooled for species tree inference (Fig. 1) .
Validation of the Method
Data simulation.-The simulation protocol is outlined in Figure 2 and Supplementary Figure 3 available on Dryad. We used a simulated nine-taxon network, including one species of hybrid origin and one gene duplication (Fig. 2a) . Principal tree 1 (PT1) was generated in Mesquite v.2.75 , assuming a total tree depth of 2 M generations, though a pure birth (Yule) process (Fig. 2b) . Principal tree 2 (PT2) was generated from PT1 by grafting the hybrid taxon to the alternative parental lineage, at the same tree depth (Fig. 2c) .
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FIGURE 2. Hypothetical species phylogeny with a hybrid taxon, taxon 4 (a), that can be decomposed into PT1 (b) and PT2 (c). Paralogous gene trees are obtained by removing taxa from the clade descending from a gene duplication event, such that each taxon retains only one copy of the duplicated gene (d). Thus, the mismatch between the gene tree (e) and the PT (b) is due to differential gene loss after the gene duplication event.
Our approach consisted in analyzing replicates ( Supplementary Fig. 3 available on Dryad) that contain data simulated under a range of conditions. Each replicate modeled four unlinked genomic blocks, each with three nonhomologous genes. For the first two blocks, the genes evolved according to PT2, according to PT1 for the third block and in the last block two genes evolved according to PT1 and one gene was paralogyaffected. Paralogous trees were obtained from PT1, by duplication of the clade containing species 2, 3, 4, 6, 7, and 8, followed by the random pruning of one copy from each taxon descended from the gene duplication (i.e., the locus was returned to single copy in all descendants, Fig. 2d ).
We simulated gene trees in each block using Kingman's neutral coalescent process implemented in the Dendropy python library (Sukumaran and Holder 2010) . On paralogous trees, the random pruning of one copy of each terminal taxon produced trees with RF distance from PT1 ranging from a minimum of 0 (identical) to a maximum of 8. We aimed at evaluating the influence of the topological effect introduced by paralogy on our method. To this purpose, we simulated 100 trees for each of the possible distances and grouped them into five paralogy bins corresponding to the RF values of [0, 2, 4, 6, 8] , to observe the general trends across the results.
Tree depth was also included as a source of variation among replicates. The simulation of gene trees was performed under a fixed PT depth in number of generations, but varied in terms of coalescent units (CUs; i.e., species tree branch length/N e ) by modifying the effective population size (N e ) in the simulations. To this effect, we selected a branch in the trees and varied the global N e to obtain the desired length for this reference branch. This branch extended from the root to the node where the hybrid lineage (taxon 4) attached to the parental lineage in each PT (equivalent in length in PT1 and PT2). The length of this reference branch in CUs is the key parameter that determines the difficulty of detecting hybridization and distinguishing it from ILS. ILS will, on average, be more prevalent when the branch length in CUs is short. Deep coalescence of alleles from taxon 4 in either PT (i.e., where polymorphisms were held throughout the reference branch) can result in gene trees where this taxon is placed sister to the remaining species, and thus ILS alone can produce identical topologies from gene trees derived from either PT. Given that the entire tree was varied in a systematic way (by changing N e during the simulations), the reference branch length also determines the relative difficulty of detecting paralogy (along with the paralogy bin, i.e., detection should be easier with greater RF distances). Five different levels of CU, ranging from 2 to 940 SYSTEMATIC BIOLOGY VOL. 66 6, with a unit increment, were tested. For a species with one generation/year and N e of 50,000, this represents a realistic interval between speciation events, that is, 100,000-300,000 years.
To include realistic parameters values in our simulation, we acquired nucleotide substitution models and rates from 50 empirical nucleotide alignments of low-copy nuclear markers (Sousa et al. 2014) , each with the same six species (four Medicago species + two species of its sister genus, Melilotus). Substitution models were inferred in jModelTest v. 2.1.4 (Darriba et al. 2012) . The empirical distributions of mean rates were modeled with a lognormal distribution, from which the mu and sigma parameters were retrieved, using the distribution fitting software EasyFit 5.3 (MathWave Technology). For each simulated tree, we randomly sampled one of the 50 empirical genes to obtain the nucleotide substitution model and the "meanrate" lognormal distribution parameters. Trees were converted from generations to substitutions by sampling a rate for each branch from the associated lognormal distribution. Random selection of substitution models and rates simulated the complexity expected from empirical data. Their effect was not evaluated systematically and we treated them as nuisance parameters downstream, focusing instead on the effect of ILS and duplication. We simulated sequence alignments of 1500 bp using SeqGen (Rambaut and Grass 1997) for a total of 30,000 alignments: 100 replicates ×12 genes ×5 CUs×5 paralogy bins. For each replicate of 12 genes, we, therefore, simulated alignments comparable to our empirical data with respect to sequence length per locus and number of loci, as well as model of sequence evolution and tree lengths.
Modeling of the species tree root prior.-In our simulation, we used a tree depth of 2M generations and assumed a generation time of one year. The synthetic alignments were analyzed in BEAST, which requires either time or rate prior information. In an application of our test to empirical data, a fossil, for example, could be used to calibrate the root of the species tree. However in our simulation, because we calibrated gene trees instead of species trees, there is a mismatch between species tree and gene tree node ages that needs to be taken into account. We, therefore, used an exponential prior distribution on the crown node to calibrate the gene trees estimated from the simulated data sets, offset at 2 Ma (as though we had a fossil date for the node) and with a mean equal to 2N e (to include the variation expected due to the coalescent).
However, we could not infer N e directly from our data, since we had simulated a single allele per taxon. To determine the error associated with N e estimates from allelic data, we simulated 100 alleles per taxon from PT1 with SeqGen at population sizes of 10 3 and 10 4 . Using 100 simulated alleles for one species and inferring N e in DNAsp (Librado and Rozas 2009), we observed up to 50% of deviation in the recovered N e from the values used for allele simulation. Thus, the mean of the exponential distribution for the tree root prior was obtained by first calculating the mean N e used for the gene tree simulations (across all CUs), and adding 50% to incorporate the expected degree of uncertainty. This value was then multiplied by two (2N e being the expected mean of exponentially distributed coalescent times) and added to the constraint, which equated to a mean root age of 2.87 Ma.
Gene tree inference from simulated alignments.-Each simulated alignment was analyzed in BEAST v1.8.0. under a substitution model obtained from jModelTest, a Yule prior on the branching process (a species branching process, because we simulated one sequence per species), and an uncorrelated lognormal relaxed clock with a ucld.mean rate prior of 3.6×10 −9 (Sousa et al. 2014 ). We used a starting tree with a topology equivalent to PT1 (to speed up the search, given the large number of replicates to analyze) and a root age of 2 Ma. Each data set was analyzed with an MCMC of 5M generations and the maximum clade credibility tree was summarized in TreeAnnotator ) with 10% burn-in samples discarded. The resulting gene trees were subjected to paralogy and hybridization tests, and to the subsequent grouping of genes according to their underlying PT. All tests were implemented in a Python 2.7 pipeline relying on methods from the Dendropy (Sukumaran and Holder 2010), Networkx (Hagberg et al. 2008) , and Biopython (Cock et al. 2009 ) libraries and parallelized using MPI for Python (Dalcín et al. 2008 ).
Grouping of genomic blocks and species tree inference.-Genomic blocks differing by larger values than what can be obtained from ILS alone are considered to originate from different PTs. In each replicate, the expected result of the hybridization test is the identification of two PTs (PT1 and PT2, as per our simulations). We evaluated whether the genes categorized into two PT groups would recover PT1 and PT2. To this effect we estimated species trees from each group of genes, in 10 replicates drawn from the bin RF = 8 at CU = 2 (the hardest tree length for the test), using *BEAST. A lognormal distribution with mean = 3.61×10 −9 was set for substitution rates prior (Sousa et al. 2014 ). For population size we chose a normal distribution for prior with a mean = 4.34×10 5 (the mean population size value used for simulation with a 50% error increase, as used for data analysis) and SD = 5×10 4 , truncated to 2×10 6 . A normal prior was applied to the species tree root height (mean = 2.87 ×10 6 , SD= 0.5×10 6 ). Analyses were run for 50M MCMC generations with three separate chains for each analysis.
Applying the Method to the Medicago Data Set
Paralogy and hybridization tests were run on the 12 inferred gene trees, in the same way as for the simulated % of replicates % of replicates % of replicates FIGURE 3. Paralogy test for bins RF = 4, RF = 6, and RF = 8 at critical value 65%, for blocks that contain a single-paralogy-affected gene. When the paralogy-affected gene is misidentified, another gene (not harboring paralogs) is removed instead. When the paralogy-affected gene is undetected, all three genes in the block are retained for downstream analyses. Block excluded refers to when all three gene trees show significant differences to one another and are all excluded, because no pair of compatible genes could be identified. data, with acceptance at p% critical values of 95%, 85%, 75%, and 65% of the null distributions. To generate the ILS null distribution, we used the effective population size of N e = 240,000 (Maureira-Butler et al. 2008) . After running the tests and removing putative paralogyaffected genes, we grouped the genes that shared the same PT. Genes within each group were subjected to species tree analysis in *BEAST. Chains were run for 50M generations using the inferred substitution model for each gene, an uncorrelated lognormal relaxed clock with a ucld.mean rate normal prior with mean = 3.6×10 −9 , a Yule model species tree prior and a normal prior on the species tree root height with mean = 15.9×10 6 and SD = 2.7 ×10 6 .
To determine how important the new part of the testing procedure was-the paralogy test-we also ran the hybridization test by itself on the Medicago data. Thus, inside a block, genes were presumed to differ by ILS alone, and we did not test for withinblock incongruence. Each gene in a block was tested against all the genes in the other blocks. Blocks were handled separately if two pairwise rejections between blocks occurred and the resulting groups of blocks were analyzed separately in *BEAST, as before. We also compared these analyses with two other approaches that do not use any paralogy or hybridization test. First, we ran a 12-gene *BEAST analysis (i.e., with gene trees assumed to be unlinked and thus independent due to recombination among loci). Second, we ran a concatenation of the 12 genes in BEAST. In both approaches, each gene was endowed with its own substitution and clock model.
RESULTS
Simulated Data
Paralogy test.-We explored the effect of two variables on the ability to detect paralogy with our method, namely: (i) the amount of topological variation introduced by a gene duplication with subsequent random losses of one paralogous locus, such that all taxa returned to singlecopy status, and (ii) the length of a reference branch measured in CU units.
The power of the method increased with the depth of the tree (Fig. 3 ). For settings with large paralogy induced topological variation (RF = 8) we found that lowering the detection critical value was effective to identify the paralogy-affected gene ( Supplementary  Fig. 4 available on Dryad). At lower cv, type II error (failure to detect real paralogy) decreased and the rate of successful detection of genuine paralogy increased ( Supplementary Fig. 4 available on Dryad). This occurred with only a minor increase in type I error (either due to paralog misidentification or to the incorrect exclusion of the whole genomic block). For the shortest tree (CU = 2) at 95% cv, type I error ranged from zero to ∼10% for block exclusion and ∼5% for misidentification ( Supplementary Fig. 4 available on Dryad). At 65% cv and for the shortest tree (CU = 2), successful detection of paralogy-affected genes in the RF = 8 bin dropped to ∼40% (Fig. 3) , highlighting that shallow tree depth is the most challenging situation for coalescent-based methods (see also Maddison and Knowles 2006) . Without paralogyaffected genes present in a block, the test performed well at all cv and CUs, showing less than 10% type I error in the most difficult case (CU = 2) at 65% cv (Fig. 4) .
Hybridization test.-We focus on the results for the paralogy setting that introduces the most severe discordance (RF = 8). The hybridization test, like the paralogy test, performed better as the cv was lowered ( Supplementary Fig. 5 available on Dryad). The rate of correct hybridization detection at 65% cv approached 95% in the most favorable cases, CU = 6 (Fig. 5) , and was still of ∼75% for the most difficult case, CU = 2 (Fig. 5) , with the failure rate to detect hybridization not exceeding 10%. The false detection of hybridization between blocks that share the same PT, occurred at less than 10% at any cv.
Grouping of genomic blocks.-Blocks containing genes that differed due to ILS alone (in the hybridization test) were assumed to be derived from the same origin. Genes in these blocks were then pooled for species tree inference. In our simulation settings, with four genomic blocks tracking two PTs, the hybridization test can potentially output one to four PTs. Failure to recover the two initial grouping occurs when blocks are incorrectly clustered or wrongly segregated. Lower critical values produced more accurate results ( Supplementary Fig. 6 available on Dryad). At 65% cv and CU = 6, genomic blocks were correctly pooled into two groups corresponding to the two initial PTs, in over 75% of cases (Fig. 6) . At this cv, the rate of wrong segregation increased at % of replicates FIGURE 5. Hybridization test using only those genes and blocks that were not identified as being paralogy-affected in the previous step (cv 65% paralogy bin RF = 8). Both hybridization and earlier paralogy tests used the same critical value. Hybridization correctly detected separates blocks of genes into the correct groups based on the PT of origin. When hybridization is incorrectly detected, some separation of blocks of genes occurs (compatible with hybridization), but the groupings are incorrect. Undetected hybridization means that no separation of blocks of genes has occurred, even though two PTs have generated the blocks of genes.
lower CUs (Fig. 6) . However, the incorrect grouping of blocks that were simulated from different PTs-which represents the most severe kind of error-was only ∼5% in the most challenging case at the lowest CU (Fig. 6) .
In the more difficult cases, the method sometimes failed to group blocks originating from the same PT (i.e., it predicted either three or four PTs when only two PTs were present): this over-segregation rose from ∼25% at CU = 6 to ∼75% at CU = 2 across the 65% critical value cases in bin RF = 8 (Fig. 6 ). Failure to group blocks from the same PT is not of major concern, however, as gene blocks that have been separated by our method can still cluster a posteriori when they are shown to share the same tree in separate species tree analyses.
Species trees inferred from each group of blocks in replicates at CU = 2 (RF = 8 and cv = 65%) recovered the hybrid taxon in the correct parental lineage in 100% of cases, with full branch support in 79% of cases and at the correct position in the parental lineage in 64% of the trees (data not shown). Of 32 analyses, 3 did not converge for any of the three chains and were dismissed. The exact topology of the input PT for the gene simulation was recovered in 45% of cases. Both PTs were recovered in 8 out of 10 replicates, with full support in 7 replicates. Failure to recover both PTs in two replicates resulted from lack of convergence of the MCMC. % of replicates FIGURE 6. The number of PTs found after the hybridization test (incorporating the outcome of the paralogy test) for cv 65% and paralogy bin RF = 8. Both tests use the same critical value. Incorrect detection (Fig. 5) sometimes results in the over-separation of genomic blocks into more than two implied PTs, although each group contains blocks of genes derived from only one PT each. An incorrect grouping places blocks together than do not originate from the same single PT.
Medicago orbicularis Data Set
BEAST trees for the individual markers (data not shown) revealed alternative supported placements (PP >95%) of M. orbicularis: either (i) within the (M. truncatula-M. littoralis clade) (genes A1, A3, B1, B2, and D3) or 2) within the (M. intertexta-M. ciliaris-M. granadensis) clade (genes C1, C2). A2 showed no supported placement for M. orbicularis. For B3, the topology was the same as for the other genes of block B, but with marginal support for the branching of M. orbicularis. In C3, M. orbicularis was placed with low support as sister to the M. truncatula clade; this relationship was not recovered in C1 or C2. In D1, M. orbicularis appeared as sister to the remaining Medicago species and in D2 it was placed as sister to the M. intertexta clade, albeit with no support in either case. The (M. truncatula-M. littoralis) clade was always retrieved, whereas M. granadensis was separated from M. intertexta and M. ciliaris in gene A2. Medicago arabica was recovered, with good support, as sister to M. orbicularis (A1), to (M. orbicularis + M. truncatula) (B2), to M. granadensis (B1, C3, D1) and to the remaining Medicago species (B3, C2, D2). Thus, we observed a clear lack of concordance between several well-supported topologies.
We applied our paralogy and hybridization detection method to the Medicago data at critical values of 95%, 85%, 75% and 65%. We obtained the exclusion of two genes (A1, D1) as probably paralogy-affected, and the recovery of two groups of blocks (blocks A, B, and D vs. block C) tracking two different PTs. With a cv of 65%, the paralogy test excluded block B. When species trees were inferred from each block, the topology alternated between one shared by block A, B, and D (M. orbicularis + truncatula clade) and a different one recovered with C (M. orbicularis + ciliaris clade) ( Fig. 7; Supplementary  Fig. 7 available on Dryad). This result was concordant with the outcome of the hybridization test.
The grouping of blocks A, B, and D was recovered in the hybridization test for all cvs above 75% and was in agreement with the species tree topologies obtained from each block after the exclusion of paralogy-affected genes (Fig. 7) . Since our simulation demonstrated a higher type I error at 65% cv, we opted for keeping B in the (A, D) group. We also estimated the depth of this hybridization problem, based on individual gene trees, to be up to eight CUs (data not shown), a tree depth for which the paralogy test performed well in the simulated data at cvs above 75%.
The species tree inferred from group (A, B, D) ( Supplementary Fig. 7 available on Dryad) displayed the same topology as the one obtained from its individual blocks. Whereas the position of M. orbicularis was poorly supported in the individual block analyses, its support increased in the group analysis, reaching a PP of 0.94. For block C the support for the alternative position of M. orbicularis was high (PP = 0.93). M. orbicularis branched as sister to the M. truncatula clade in five genes across three blocks, and as sister to the M. intertexta clade in two genes from one block. These alternative relationships were also obtained in the species tree (after exclusion of paralogy-affected genes) when we analyzed the individual blocks and the grouped blocks. The position of M. arabica also differed between the two recovered species trees: on the tree inferred from group (A, B, D), M. arabica appeared as sister to all other Medicago species (PP = 0.71), and on the tree inferred from block C, it branched as sister to the (M. orbicularis + M. intertexta) clade (PP = 0.93). On the gene trees, this species was involved in four different well supported topologies and no block contained at least two genes that tracked the same history for this taxon. When M. arabica was removed from the analyses, the position of M. orbicularis was unchanged in the two trees obtained from blocks (A, B, D) and C (data not shown).
When the hybridization test was performed without filtering for paralogy-affected genes, the block groupings and species trees inference steps were adversely affected. Block A was separated from B and D, which grouped together as before ( Supplementary Fig. 7 available on Dryad). Block A alone returned a different topology than that obtained from (A, B, D) , namely that M. orbicularis was weakly supported as sister to M. arabica, and together these were placed as sister to the truncatula clade with marginal support (Supplementary Fig. 7 available Supplementary Fig. 7 available on Dryad). The result from C was unchanged.
Gene A1 appeared to drive the placement of M. orbicularis as sister to M. arabica in the block A, as it is the only gene in the block displaying this relationship, whereas the co-analysis of A2 and A3 inferred M. orbicularis as sister to the truncatula clade, but with lower support (0.71; Supplementary  Fig. 7 available on Dryad). In fact, each of blocks A, B and D alone and together (with suspected paralogy-affected genes removed in each case) recovered this relationship, although with weak support from individual blocks ( Supplementary Fig. 7 available on Dryad). If M. orbicularis sister grouping to the truncatula clade is correct (as it appears to be), then including suspected paralogs resulted in degraded support with poor block grouping, and returned a block with a different topology. What was a well-supported relationship became poorly supported or weakly contradicted to the extent that no clear interpretation could be obtained from this group of genes. With respect to hybrid origins, one parentage was recovered as before (block C), but the other parental lineage was not discovered. Thus, hybridization could not be inferred from the *BEAST analyses unless the paralogy test had been performed and suspected paralogy-affected genes removed.
The analysis of 12 separated genes in *BEAST recovered the same topology as from blocks (B, D) ( Supplementary Fig. 7 available on Dryad). However, the supports for including M. orbicularis in the M. truncatula 
DISCUSSION
Recovery of Different PTs in Medicago after Paralogy and
Hybridization Testing Applying our method to the Medicago data set resulted in the recovery of two PTs. Our results corroborate the initial hypothesis that hybridization occurred in the M. orbicularis lineage, as it is recovered in two clear alternative positions in the two PTs. The paralogy detection step indicated the presence of two putatively paralogy-affected genes: in gene D1, M. orbicularis branched deeper than in any other gene, which is indeed consistent with a hypothesis of paralogy. The other putative paralogy-affected gene, A1, recovered M. arabica sister to M. orbicularis with good support at a shallow position. This would be more consistent with recent hybridization between these two species than with paralogy, but the gene was nevertheless effectively identified within the respective genomic block as a highly discordant gene tree. Removal of suspected paralogy-affected genes was critical to correctly infer the parentage of the hybrid lineage and recover the two PTs.
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The hybridization detection step indicated that block C evolved under a different PT from the remaining blocks and species tree reconstruction confirms the results of the hybridization test: the tree recovered from block C recovered M. orbicularis as sister to the M. ciliaris clade, whereas the remaining blocks (individually or together) always placed M. orbicularis as sister to the M. truncatula clade. This result shows that the use of genomic location can reveal hybridization signal that would otherwise be overlooked. None of the M. orbicularis alleles were identical to any of the alleles in the two putative parental lineages, nor appeared at shallow positions within these lineages, which suggests that the two PTs obtained through our tests are compatible with a hypothesis of ancient (rather than recent) hybridization involving the M. orbicularis lineage. Six previously published dated gene trees suggest that the hybridization episode(s) probably took place more than 1.7 Ma (Sousa et al. 2016) .
Taxon and gene sampling effects on the method.-One limitation of the metric used in the current method is that the RF distance could return only a minimum value (RF = 2) for an unstable taxon placed at alternative positions on two sister lineages, a situation that could be due to hybridization. Such a small value is attained when no other taxon branches between the unstable taxon and the divergence of the two sister lineages. Our method would likely mistake this small distance for the effect of ILS in almost any realistic example. To overcome this limitation, after we identified an unstable taxon as a putative hybrid, it was necessary to sample a species sister to the putative hybrid, or one branching earlier from the parental branch. The two putative parental lineages of M. orbicularis are represented by the M. intertexta clade and the M. truncatula clade in our sample.
We included M. arabica in our sampling as this species appeared to be related to M. orbicularis in previous phylogenies (e.g., Sousa et al. 2016) and was expected to increase the RF distance between alternative trees with respect to the M. orbicularis placement. However, the placement of M. arabica in the two recovered PTs is also unstable, which suggests that M. arabica may also be involved in a hybridization process. On the tree recovered from blocks (A, B, D), the low support for the placement of M. arabica (PP = 0.71) may be caused by conflicting hybridization signal in M. arabica among the three grouped blocks. This alternative placement of M. arabica did not affect the grouping of blocks as the corresponding topological difference, given the current sampling, is minimal (RF = 2). Testing for hybridization in M. arabica would, therefore, require a different sampling of taxa. This illustrates another limitation of our method, namely that only one independent hybridization history can be effectively detected at a time. This limitation is due to the fact that genomic blocks can trace different hybridization histories for different species, that is, the genomic blocks tracing the same history in one lineage may trace more than one history in another lineage. If hybridization occurs in more than one sampled lineage, our method may actually fail to group any genomic blocks. In such cases, a much higher number of genomic blocks need to be sampled to increase the chances of obtaining all PTs that describe all the hybridization events. Alternatively, lineages of suspected hybrid origin can be included one by one in analyses involving other lineages that do not appear to have hybrid histories (Sousa et al. 2016) . Individual signals of hybridization should be much more easily recovered and interpreted than overlapping signals.
Modeling nuisance parameters and coalescent stochasticity.-We added complexity to our simulation with several sources of variation, such as substitution model variation and model selection uncertainty, substitution rate variation, gene branch rate variation, gene tree inference uncertainty, coalescent stochasticity, and random gene copy loss after gene duplication. Thus, the simulations covered a realistic and challenging range of parameters for our method. The effect of coalescent stochasticity on tree-distance distributions, which may contain a tail of extreme values driven by very improbable topologies, needs to be overcome by choosing an adequate cv for the one-tailed tests. At high cv, the tests lose power, even at high CUs. This implies that previous applications of the test (for hybrid detection only) were probably conservative, that is, favored the ILS null (MaureiraButler et al. 2008; Blanco-Pastor et al. 2012; Ramadugu et al. 2013) . We found that decreasing the cv to 65% resulted in a decrease of type II error without a proportional increase of type I error.
Relevance of paralogy detection.-If the proportion of paralogy-affected genes in a sample is low relative to nonaffected genes, undetected paralogy may only marginally impact species tree inference, as enough orthologous genes should swamp the paralogous signal. However, if this proportion is high, which may be the case when many taxa but few genes are sampled, or when WGD has recently occurred in an ancestor, identifying paralogs becomes more important. In such cases our method is able to detect paralogy-affected genes that would be the most detrimental for species tree inference. Importantly, paralogy caused by WGD could likely also be detected by our method. If the reference organism used to determine genomic location has genes X, Y, Z in a genomic block, WGD in a related lineage will produce two blocks with X, Y, Z and X , Y , Z . With random gene loss in each descendent, the gene trees may differ significantly. For example, a gene tree containing both Z/Z copies among taxa (but only one copy sampled per taxon) can carry a markedly different signal than the tree produced from pure X and Y sequences (e.g., if the X and Y copies were lost before taxon divergence). If the sequences are recovered using primers or gene capture, the fact that some of these gene loci do not reside in the same physical block will be undetected, and would be handled as linked loci (in the absence of further information, i.e., for the majority of samples that would VOL. 66 lack a physical map). The gene tree containing a mixture of Z/Z sequences could be identified by our paralogy test as being inconsistent with the other genes of the block, although the paralogous copies were not derived from tandem duplication but from WGD instead.
If a physical map for these genes were available, then the paralogy of Z would be already known. So our test is applicable when the physical position of genes is well estimated in the ancestor of the whole lineage, but has been subsequently modified by WGD in some sub-lineages. This may be a fairly common situation, where a physical map is known for one model organism that is used to represent an entire clade that is not excessively old, which would imply small departure from the ancestral genomic map. Given how common WGD is in some lineages (e.g., flowering plants, Soltis et al. (2015) and references therein), our test may be especially useful for detecting WGD-derived paralogy.
Future prospects.-The use of genomic blocks to investigate hybridization can be improved upon, and larger blocks containing a higher number of genes should be considered, albeit with caution. The genomewide SNP study of several Medicago species by Yoder et al. (2013) is instructive with regard to this point. That study found that different genomic regions contained some strongly supported alternative trees compared to the entire genome-wide data set of over 82,000 SNPs. This is congruent with the idea that different genomic blocks contain different histories due to ancient hybridization. The genomic blocks used by Yoder et al. (2013) were fairly large (containing 500 SNPs spread over an average of 1.7 Mb of contiguous genomic sequence) and can clearly include many coalescent histories, given that linkage disequilibrium decays after only a few thousand nucleotides in M. truncatula (Branca et al. 2011) . However, our results here (and with further taxon sampling, data not shown) suggest that genomic blocks as small as 60 kb can contain more than one historical signal due to hybridization. It is, therefore, possible that most of the large genomic regions used by Yoder et al. (2013) contain several hybridization histories. This might explain why few large genomic blocks (defined as four consecutive windows, covering around 4.2 Mb) were found that displayed a single clear conflicting signal with the genome-wide tree. We contend that any genomic block as large or larger than 1.7 Mb (the smallest genomic block size use by Yoder et al. 2013 ) is highly likely to contain more than one parental origin. If so, then the sparse sampling of SNPs across these genomic blocks may not be the best strategy to unravel different histories due to ancient hybridization. A much denser sampling of characters over the scale of 10s-100s Kbp might be a better approach to infer resolved gene trees of much smaller genomic partitions that could be compared with other genomic partitions. This suggests that our test method can be improved by including, for example, two, three, or four times as many genes per genomic block, but extending the genomic blocks to maintain a similar density of sampled genes per length of DNA. The paralogy detection step in our methods could then serve to identify physical boundaries within a genomic block that separates two sets of genes with alternative hybrid histories.
Other future developments for our method should be centred on the use of alternative metrics that take into account other parameters besides tree topology, such as branch length or support values for each branch. A more sensitive metric would help overcome possible limitations caused by taxon sampling, which results in lack of power in gene tree pairwise comparisons. Other gene sampling approaches, which do not require such comprehensive a priori genomic information as the one available to us (a completely annotated genome), should also be pursued. Given the current developments in enrichment and sequencing techniques, it should not be difficult to implement sampling strategies that extend on ours, to include the sequencing of long contiguous regions that would enable the use of genomic location for a better understanding of complex phylogenetic problems.
CONCLUSIONS
Using linked and unlinked loci we found evidence of ancient hybridization in M. orbicularis, confirming that the evolutionary history of this genus is affected by reticulation (Maureira-Butler et al. 2008) . It is likely that introgressive hybridization has occurred in many lineages within the genus (Sousa et al. 2016) . Thus, any attempt to represent the phylogeny of Medicago as a single dichotomous tree requires caution. The method used here to investigate incongruence in Medicago introduces a new angle to species tree inference in the presence of paralogy or other sources of highly discordant trees in addition to ILS and hybridization. So far, phylogenetic inference methods have dealt with these two processes separately. Here, we tackle both processes sequentially and introduce the use of genomic location as an indicator of reticulate gene inheritance. Our approach does not rely on information about the (as yet) unknown species tree to test for paralogy and hybridization. This is an advantage compared to other methods, because we do not need to infer, a priori, a species tree that might itself be misled by paralogy or hybridization to assess the presence of misleading factors (e.g., Joly et al. 2009 ). We also do not need to specify in advance which lineages might be affected by hybridization (unlike e.g., Kubatko et al. 2009; Jones et al. 2013) . Finally, rather than attempting to reconcile paralogy-or hybridization-affected tree topologies with the coalescent process (Rasmussen and Kellis 2012; Yu et al. 2013) , we sort and deal with each process separately, as paralogy-affected genes are simply excluded and the remaining loci are analyzed according to a shared history, allowing for a more complete perspective of speciation and diversification processes.
